Using Wind 3 s plasma and magnetic field data, we have identified nine reconnection exhausts within a solar wind disturbance on 1998 October 18-20 driven by a moderately fast interplanetary coronal mass ejection (ICME). Three of the exhausts within the ICME were associated with current sheets having local field shear angles, θ , ranging from 4
INTRODUCTION
It has long been suggested (e.g., Parker 1983; Matthaeus & Lamkin 1986; Leamon et al. 2000) that magnetic reconnection should be relatively common in the solar wind. Observations reveal that this is indeed the case, particularly in the lowspeed wind (e.g., Gosling et al. 2007 ) and in association with interplanetary coronal mass ejections (ICMEs; e.g., Gosling & Szabo 2008; Phan et al. 2009 ). Magnetic reconnection exhausts are identified in solar wind data by roughly Alfvénic (based on the anti-parallel field components) flowing plasma bounded on one side by correlated changes in velocity, V, and magnetic field, B, and on the other side by anti-correlated changes in V and B (e.g., Gosling et al. 2005) . Although the classic signature of a reconnection exhaust in the solar wind includes a small depression in magnetic field strength and enhancements in proton density and temperature, many solar wind exhausts lack one or more of those signatures. That is particularly true for exhausts associated with modest (<60
• ) magnetic field shear angles, θ , where reconnection is most prevalent in the solar wind (e.g., Gosling et al. 2007) . A question of interest is: How small can θ be and still have reconnection occur? The answer to this question is important for understanding when and where reconnection can occur in space, astrophysical, and laboratory plasmas.
Recent theoretical work found that whether or not reconnection can occur at small θ depends on the β value of the ambient plasma. Swisdak et al. (2003 Swisdak et al. ( , 2010 showed that a plasma pressure gradient across a reconnection diffusion region produces a diamagnetic drift of the reconnection X-line. Reconnection should be suppressed when the drift exceeds the exhaust outflow speed. The theory predicts that reconnection should be suppressed when the change in plasma β (hereafter Δβ) across a current sheet satisfies the following relation (Swisdak et al. 2010) :
where L is the width of the plasma pressure gradient layer across the current sheet in units of ion skin depth, λ ι . When β is low so too necessarily is Δβ. In a study of 197 reconnection exhausts in the solar wind, Phan et al. (2010) found good quantitative agreement with this prediction for θ values down to 11 • . They found that reconnection occurs over a wide range of θ when Δβ across a current sheet is small, but occurs only at relatively large values of θ when Δβ is large.
Our prime purpose here is to use Wind 3 s plasma moment and magnetic field data obtained within an ICME at 1 AU to demonstrate that reconnection can and does occur at extremely small θ -values. Our result has implications for the role that reconnection should play in heating the solar corona since it indicates that diamagnetic drift should not suppress reconnection at virtually any shear angle, θ , in the lower corona, a regime where the plasma β is often less than 0.01 and V A is of the order of 1000 km s −1 .
OBSERVATIONS
Typical Alfvén speeds, V A , in the solar wind at 1 AU are of the order of 50 km s −1 . For such values of V A the plasma jets resulting from reconnection at small-θ current sheets have very low speeds and consequently are difficult to identify. To resolve reconnection jets at extremely small θ , high values of V A are needed. Fortunately, intervals of high V A tend also to be intervals of low plasma β because V A and β have inverse dependencies on |B| and proton number density. Intervals of very high V A and very low β are most common in the solar wind at 1 AU within ICMEs. Figure 1 shows plasma and magnetic field data surrounding a solar wind disturbance driven by a moderately fast ICME. The ICME produced a relatively weak forward shock at 19:27 UT on 1998 October 18. Counterstreaming suprathermal electrons, usually a reliable signature of closed field lines in the solar wind (e.g., Gosling et al. 1987) , were observed beginning at Overview of an ICME-driven disturbance in the solar wind as observed by Wind in 1998 October using 3 s plasma and magnetic field data. From top to bottom the parameters plotted are magnetic field strength, meridional and azimuthal field angles in GSE coordinates, solar wind proton speed, temperature, and number density, the proton-based Alfvén speed, and the proton beta. From left to right the vertical lines mark the shock and the nominal start and end of what probably corresponds to the original erupted, low-density, coronal cavity.
∼03:24 UT on October 19, probably signaling the arrival of the leading edge of the ICME. (The electron data are not explicitly shown in Figure 1 , but were previously shown (Gosling et al. 2002) for this same interval using data from the nearby Advanced Composition Explorer.) At 04:21 UT, Wind encountered the leading edge of the first of apparently two magnetic flux ropes, with the transition between the two ropes occurring at 14:50 UT on October 19. The ropes were characterized by strong |B|, low proton temperature, low proton number density, very low proton β, strong counterstreaming suprathermal electrons, and two successive, relatively smooth (more so in the first rope than in the second one) rotations in B. Importantly, the ropes were also characterized by very high V A , particularly within the first rope. These extremely low-β ropes almost certainly correspond to the low-density cavity portion of the original CME (e.g., Howard & DeForest 2012) and comprised most of the volume of this particular ICME, whose trailing edge passed Wind at ∼07:10 UT on October 20. Since the speed of the leading edge of the first rope was greater than that of its trailing edge, the first rope was clearly still expanding in the radial direction as it passed 1 AU.
We have identified nine reconnection exhausts within this ICME-driven disturbance in the Wind 3 s data; four of these occurred in the sheath immediately ahead of the ICME, and five occurred within the ICME itself. Figure 2 shows an exhaust that occurred at the boundary between the two flux ropes at 14:50 UT, plotted in hybrid minimum variance LMN coordinates. Here the normal, N, direction was determined from B 1 × B 2 /|B 1 × B 2 |, where B 1 and B 2 were the magnetic field vectors immediately adjacent to the exhaust boundaries. The direction of the X-line (denoted by the M-direction) is found from the cross product of unit vectors in the L and N directions, where L is the maximum variance direction determined from the minimum variance analysis. Finally, the exhaust outflow (L) direction is The exhaust in Figure 2 was bounded on its leading edge by anti-correlated changes in V L and B L and on its trailing edge by correlated changes in V L and B L . That is the characteristic signature by which we identify reconnection exhausts in the solar wind. Because the boundaries of the exhaust were relatively thin compared to its width, the jetting plasma was confined to the interior of a bifurcated current sheet (see, e.g., Gosling & Szabo 2008) , whose associated total field shear angle, θ , was 56
• . The change in V L at the leading and trailing edges of the exhaust were 90 km s −1 and 60 km s −1 , respectively, roughly consistent with the changes predicted by the Walen relationship (e.g., Hudson 1970) at those edges (93 km s −1 and 71 km s −1 , respectively). The exceptionally high speed of the jetting plasma within this relatively modest-θ exhaust was a direct consequence of the high external Alfvén speed (176 km s −1 ). We have identified three reconnection exhausts within the interior of the first flux rope that were all associated with extremely small-θ current sheets. Figure 3 shows data for these exhausts in the same format as in Figure 2 . Each exhaust was characterized by anti-correlated changes in V L and B L at one edge and correlated changes in V L and B L at the other edge. Average jet speeds relative to the surrounding solar wind for the exhausts in the left, middle, and right panels were 39 km s −1 , 27 km s −1 , and 9 km s −1 , respectively, well above the level (real and instrumental) of fluctuations in flow speed in the surrounding solar wind. The second two exhausts were clearly bifurcated current sheets. There were no significant |B| depressions (top panels of Figure 3 ) or enhancements in proton density or temperature (not shown) in any of these exhausts. (The Wind 3 s plasma values are derived from moment calculations on board the spacecraft. Increases in proton "temperature" within solar wind exhausts at 1 AU are largely, but not entirely, associated with field-aligned drift between proton beams entering from opposite sides of the exhausts rather than from a simple broadening of thermal distributions crossing the exhaust boundaries (e.g., Gosling et al. 2005) . The lack of obvious proton temperature increases within some exhausts probably indicates little, if any, relative beam drift and/or little local interaction with the surrounding solar wind.) Field shear angles associated with these exhausts were 8 • , 9
• , and 4
• , respectively, and the external Alfvén speeds were 383 km s −1 , 363 km s −1 , and 218 km s −1 , respectively. Table 1 , which includes information on all nine reconnection exhausts identified in this ICME-driven disturbance, shows that observed changes in V L at the edges of these extremely small θ exhausts were, for the most part, in reasonable agreement with changes predicted by the Walen relation.
We have calculated the change in total β (which includes protons and electrons, but not alpha particles) across all nine of the reconnection exhausts observed during this ICME-driven disturbance. Figure 4 shows a scatter plot of θ versus Δβ for these current sheets. Superimposed on the plots are curves for relation 1 for two different choices of the width of the diffusion region. Only one of the exhaust points falls below the L = λ i line, the generally expected thickness of a reconnection diffusion region, and that point falls above the L = 2λ i line. Below those lines reconnection should be suppressed by diamagnetic drift of the X-line. All four of the exhausts with θ > 60
• occurred in the sheath ahead of the ICME and these four exhausts also accounted for all Δβ values > 0.2. Table 1 shows that, despite their association with relatively large-θ current sheets, all of the sheath exhausts had relatively modest jet speeds, a consequence of the much smaller external Alfvén speeds there. . Scatter plot of magnetic field shear angle vs. the change in total plasma beta across nine reconnection exhausts observed during the 1998 October ICMEdriven disturbance. The solid and dashed lines are theoretical curves for two different values of the pressure gradient scale at the X-line in units of ion skin depth, λ i . Theory predicts that reconnection should be suppressed below these lines (Swisdak et al. 2010) .
Note that we have assumed throughout the Letter that the local θ and Δβ where a reconnection exhaust is observed are the same as that at the reconnection site. The establishment of the Δβ − θ effect provides independent confirmation that the reconnection diffusion region typically has a scale width of λ i . Other factors affecting the occurrence of reconnection include current sheet thickness and local velocity shear (e.g., Cowley & Owen 1989) .
DISCUSSION
We have presented observations of reconnection exhausts associated with current sheets in the solar wind having extremely small (4
• -9
• ) field shear angles, θ . These are the smallest θ reconnection exhausts yet identified in a space plasma. At such small θ , field lines on opposite sides of an exhaust are nearly parallel to one another. The small-θ exhausts all occurred within a magnetic flux rope within an ICME where the proton β was very low and the Alfvén speed was very high. The very low plasma β in these events minimized the effect of diamagnetic drift of the X-line and thus allowed reconnection to occur in a sustained fashion. The very high external V A translated into sufficiently fast (>9 km s −1 ) exhaust jets that could be adequately resolved by the Wind 3DP plasma experiment. Our result is consistent with previous studies of the Δβ − θ effect in both the solar wind (Phan et al. 2010 ) and at Earth's magnetopause (Phan et al. 2013) , and extends its applicability both to smaller θ and, for the solar wind, to larger Δβ.
There have been numerous suggestions (e.g., Parker 1983; Cargill 1994; Drake & Swisdak 2012 ) that reconnection is largely responsible for heating the solar corona. The corona is a very low-β plasma with very high Alfvén speeds. Owing to footpoint motions that braid and twist magnetic field lines, the corona must contain numerous magnetic flux tubes oriented at small inclinations to one another. There already is considerable indirect evidence that reconnection occurs during many types of disturbances in the solar corona such as flares, jets, and CMEs (see, e.g., Priest & Forbes 2000; Moore et al. 2011 and references therein), but the overall effectiveness of reconnection in heating the corona in general is still an open question. For the heating problem most reconnection probably occurs at small-θ current sheets between field lines having the same fundamental magnetic polarity. Our results indicate that diamagnetic drift should not suppress reconnection in the corona at virtually any value of θ . Reconnection could result in direct heating of the coronal plasma as it enters the exhaust (e.g., Drake et al. 2009 ), or indirect heating as the kinetic energy of the reconnection jets is converted into thermal energy when the jets interact with the surrounding coronal plasma. Such interaction with the surrounding plasma is, however, generally not obvious in the solar wind at 1 AU, perhaps because a spacecraft seldom, if ever, encounters the leading edge of a reconnection jet. We also note that the reconnection rate scales as |B|V A sin 2 (θ/2) (e.g., Sonnerup 1974) . Although sin 2 (θ/2) is small for small-θ current sheets, |B| and V A are quite large in the corona so reconnection rates should be sufficiently high to heat the corona (e.g., Parker 1988) .
